Outdoor ambient weather has been hypothesized to be responsible for the seasonal distribution of cardiac arrhythmias. Because people spend most of their time indoors, we hypothesized that weather-related arrhythmia risk would be better estimated using an indoor measure or an outdoor measure that correlates well with indoor conditions, such as absolute humidity. The clinical records of 203 patients in eastern Massachusetts, USA, with an implantable cardioverter-defibrillator were abstracted for arrhythmias between 1995 and 2002. We used case-crossover methods to examine the association between weather and ventricular arrhythmia (VA). Among 84 patients who experienced 787 VAs, lower estimated indoor temperature (odds ratio (OR) ¼ 1.16, 95% confidence interval (CI) 1.05-1.27 for a 1 1C decrease in the 24-h average) and lower absolute humidity (OR ¼ 1.06, 95% CI 1.03-1.08 for a 0.5 g/m 3 decrease in the 96-h average) were associated with increased risk. Lower outdoor temperature increased risk only in warmer months, likely attributable to the poor correlation between outdoor and indoor temperature during cooler months. These results suggest that lower temperature and drier air are associated with increased risk of VA onset among implantable cardioverterdefibrillator patients.
INTRODUCTION
In temperate climates, cardiovascular diseases, such as cardiac arrhythmias, [1] [2] [3] [4] sudden cardiac death (SCD), 5 and death due to ischemic heart disease, 6 follow a seasonal pattern and peak in the wintertime. The mechanism for this seasonality is not understood. One proposed explanation is the seasonal pattern of outdoor weather, 5, 7, 8 as the coldest and driest conditions occur during winter months in temperate climates (Figure 1 ). Several studies have examined the association between outdoor ambient weather conditions and ventricular arrhythmia (VA) with mixed results. Studies have reported positive 9,10 and negative 1 as well as linear and J-shaped 11 associations with outdoor temperature.
Studies of how weather relates to health have generally considered only outdoor ambient temperature. However, there is often a very weak link between outdoor and indoor temperature because indoor temperature can be controlled by heating and cooling systems. In the Greater Boston, Massachusetts area, there is a weak correlation between outdoor and indoor temperatures when outdoor temperatures are low ( Figure 2 ). Because of this weak correlation at cooler temperatures, and because people in industrialized countries spend B90% of their time indoors, 12 we hypothesized that the association between weather and health would be better estimated using indoor measures, or an outdoor measure that correlates well with indoor conditions. Absolute humidity (AH), the mass of water vapor in a volume of air, is a measure of the actual water content of the air. 13 Because AH is generally conserved as air moves indoors, it may be a better indicator of weather exposure than ambient outdoor temperature.
In Boston, outdoor and indoor AH levels correlate highly year-round (r ¼ 0.96) and also during the summer months of June-September (r ¼ 0.90) when air conditioning use is expected to be highest (which lowers the moisture content of indoor air). 14 A majority of the literature on humidity-related health concerns focus on how humidity influences human health indirectly through biological pollutants (e.g., dust mites, fungi, bacteria, viruses); 15 few studies have examined whether humidity is directly related to adverse health outcomes.
Implantable cardioverter-defibrillators (ICDs) are devices placed subcutaneously in patients at risk of VA and SCD. These devices continuously monitor the electrical activity of the heart and record VA occurrence. They detect arrhythmias based on beat-to-beat (R-R) intervals (i.e., heart rate), and will then treat the arrhythmias with anti-tachycardiac pacing or cardioverter shock. The occurrence of VA and the associated shocks in patients with ICDs is associated with increased mortality and heart failure hospitalizations despite effective termination of the arrhythmia. 16, 17 ICD shocks can also damage myocardial cells and induce sympathetic responses. 16 Even if arrhythmias are promptly detected and appropriately treated, asystole and pulseless electrical activity can result. 18 Thus, identifying triggers of arrhythmias is important for preventing additional morbidity and mortality associated with these events.
ICDs record the onset date and time of arrhythmic events and the associated electrocardiograms (ECGs), which allows for subsequent objective review of the detected cardiac arrhythmias. Using ICD records of the date and time of arrhythmic events, we examined the association between weather and ventricular tachyarrhythmias among patients with an ICD. We focused on three weather measures-outdoor ambient temperature, estimated indoor temperature, and outdoor AH. In sensitivity analyses, we also examined the association with barometric pressure, dew point, and relative humidity.
METHODS

Study Population
The study population consisted of patients implanted with an ICD at Tufts Medical Center (Boston, Massachusetts) between 1 June 1995 and 31 December 1999. These patients were followed until their last clinic visit before 15 July 2002. Date of birth, race/ethnicity, clinic visit dates, prescribed medications (i.e., b-blockers, digoxin, and other anti-arrhythmic medications) and residential zip code were abstracted from patient records. Patients with residential zip codes of 440 km from the air pollution monitoring station at the Harvard School of Public Health were excluded. The Harvard School of Public Health Human Subjects Committee and the Tufts Medical Center Institutional Review Board approved the study.
Outcome
The date and time of ICD-detected arrhythmias were abstracted from patient records, and recorded ECGs and R-R intervals were printed. An electrophysiologist reviewed the associated ECGs and classified the events according to onset rate, regularity, QRS morphology during and before the episode, duration, and response to therapy. Arrhythmias were classified as ventricular tachycardia, ventricular fibrillation, sinus tachycardia, atrial flutter, atrial fibrillation, supraventricular tachycardia, or noise/oversensing. The current analyses were restricted to VAs, defined as ventricular tachycardia and ventricular fibrillation, separated by at least 1 h from the previous arrhythmia. VAs that occurred within 2 weeks following implantation and during inpatient hospital stays were excluded.
Outdoor Weather and Air Pollution Data
Hourly measurements of outdoor temperature, barometric pressure, dew point, and relative humidity reported at Boston Logan International Airport were extracted from National Weather Service records. AH concentrations (g/m 3 ) were calculated from the dew point and temperature using the following formulas: 19,20 e ¼ 6:11Â10 ð7:5ÂTdÞ=ð237:7 þ TdÞ
where e is actual vapor pressure (mb or hPa), T d is dew point (1C), T is temperature (1C), and R w is the gas constant for water vapor (461.5 J/ kg Â K).
We adjusted for two air pollutants-particulate matter o2.5 mm in aerodynamic diameter (PM 2.5 ) and ozone-previously found to be associated with VA in this cohort. 21 Hourly ambient concentrations of ozone measured at six sites in the greater Boston area were obtained from the Massachusetts Department of Environmental Protection. We calculated the average hourly ozone concentration using all reporting monitors for that hour. Concentrations of PM 2.5 were measured using a tapered element oscillating microbalance (model 1400A, Rupprecht and Patashnick, East Greenbush, New York, USA) in south Boston from 1 April 1995 to 20 January 1998, and at the Harvard School of Public Health from 16 March 1999 to 31 July 2002. The PM 2.5 values were imputed for the hours (12,204, or 20 .1%) when measurements were missing. The imputed values were generated from a regression model that included long-term time trend, day of the week, hour of the day, temperature, relative humidity, barometric pressure, and nitrogen dioxide as predictors (cross-validated R 2 ¼ 0.72).
Estimated Indoor Temperature
A separate indoor environment study was carried out in the Boston area to characterize the relationship between indoor and outdoor temperature. The living room temperature was measured in 16 homes located an average of 20.3 km from the Boston Logan airport (range: 6.8 to 42.5 km) from January to December 2011. Further details on the design and homes participating in this study are available elsewhere. 14 None of the ICD patients lived in the homes that participated in the indoor environment study. Temperature was measured continuously using HOBO U8 (accuracy of ± 0.7 1C at 21 1C) and HOBO U12 (accuracy of ± 0.35 1C from 0 1C to 50 1C) Data Loggers (Onset, Bourne, MA, USA). During warmer seasons, there is a strong linear relationship between outdoor and indoor temperature ( Figure 2 ). This relationship is considerably weaker in the colder seasons. Using the relationship found in this survey, we estimated the 24-h moving average indoor temperature using the following equation (model R 2 ¼ 0.92):
where T in is indoor temperature (1C), T out is airport temperature (1C), and 
Statistical Analysis
We used case-crossover methods to examine the association between weather and incident VA. Individual arrhythmic events were modeled as separate strata in conditional logistic regression analyses. The time of arrhythmia onset was rounded to the nearest hour and linked to the corresponding hourly weather and air pollution value. Referent periods (3 to 4) were chosen using a time-stratified approach and matched to the case period on the hour of the day, day of the week, and calendar month. This approach intrinsically adjusts for confounding by season, month, day of the week, all interactions between these variables, time trend in the exposure, circadian patterns, and avoids the overlap bias that would be induced if referent periods were conditional on the outcome. 22, 23 All statistical models adjusted for the 24-h moving average concentrations of PM 2.5 and ozone as linear terms.
We first examined moving averages of the three weather measures as linear terms. For outdoor temperature and AH, we examined various lags up to 168 h (i.e., 7 days) before the arrhythmia. For estimated indoor temperature, we examined only the 24-h moving average because the formula provided above applies only to 24-h averages. Moving averages were created if at least 75% of the hourly measurements were available. Otherwise, the exposure was considered missing. Odds ratios (ORs) and 95% confidence intervals (CIs) are reported for a temperature decrease of 1 1C and an AH decrease of 0.5 g/m 3 (at 50% relative humidity, a 1 1C drop in temperature from 20 1C to 19 1C lowers AH by 0.494 g/m 3 ). Estimating indoor temperature exposure directly from the outdoor temperature likely underestimates the true variability in exposure. This would result in standard errors that are too small in logistic regression models for indoor temperature. When a tractable variance formula does not exist, bootstrapping may be used to obtain the CIs. To construct CIs for the association with estimated indoor temperature, we generated 2000 bootstrap samples, each formed by resampling 787 strata with replacement from the original data. We ran a conditional logistic regression on each of the 2000 bootstrap samples and took the 2.5th and 97.5th percentiles as the lower and upper CI for the b estimate. All statistical tests were two sided.
We assessed for non-linear exposure-response relationships using penalized regression splines. The number of degree of freedom (d.f.) of the spline was initially chosen to minimize the Generalized Cross Validation criterion, a measure of the model's goodness of fit. If the best fit model resulted in less smoothed curves than biologically plausible, we assigned 3 d.f. to the penalized spline. 24 Only the outdoor temperature association appeared non-linear. To quantify this association, we fit a piecewise linear model, allowing for one knot. To determine the knot location, we fit models placing the knot between 0 and 10 1C in increments of 0.25 1C and used the model-specific log likelihoods to determine the best fitting model.
We examined potential effect modification by gender, race (white vs non-white), age (o65 years vs Z65 years), diagnosis of coronary artery disease (CAD), low pre-implantation ejection fraction (o35% vs Z35%), prescription of b-blockers, digoxin, and other anti-arrhythmic medications (i.e., amiodarone, mexiletine, quinidine, or sotalol), duration of the arrhythmia (430 s vs r30 s), the total number of events during followup (o30 vs Z30), and the warm (May-September) vs cold (November-March) season. For each arrhythmic event, prescription drug status was assigned based on a report of prescriptions recorded at the patient's most recent clinic follow-up visit. As AH [25] [26] [27] [28] and temperature 29 have been linked to the influenza virus, we assessed modification by influenza activity. As an individual can experience multiple arrhythmias during a season but only one influenza infection, we rejected the possibility that influenza is an intermediate between weather and arrhythmias (i.e., weather may influence influenza, which then may trigger arrhythmias). We created an influenza activity score using 1997-2002 weekly surveillance data on influenza A (H1N1 and H3N2) and influenza B virus activity for the New England region. 30 The score was created using the following formula:
Flu activity score ¼ S strain (% weighted physician visits for influenza-like illness Â (number of isolates for a specific strain/all positive isolates) Â ( total number of positive isolates/total number tested)).
We defined weeks as having high influenza activity when the weekly score was at the 20th percentile or above of the non-zero scores. Effect modification was assessed using an interaction term between the exposure and potential modifier, and ORs and CIs were obtained from stratified analyses.
In sensitivity analyses, we examined the associations for barometric pressure, dew point, and relative humidity. Barometric pressure levels are very similar indoors and outdoors, and hence outdoor measurements are likely a very good proxy for indoor exposure. Dew point is analogous to absolute humidity and is the most common measure reported by meteorologists to evaluate the actual amount of moisture in the air. In contrast to absolute humidity and temperature, which display a clear seasonal pattern of lows in the winter and highs in summer both indoors and outdoors, outdoor relative humidity fluctuates with no consistent pattern, whereas the indoor levels are generally lowest during the winter. 14 
RESULTS
Among 203 patients enrolled in the study, VAs were detected in 84 patients during follow-up. These 84 patients were followed an average of 3.5 years (range: 5 weeks, 6.9 years) and experienced 798 VAs separated by at least 1 h from the previous event. After dropping events with missing exposure or covariate information, analyses were confined to 787 VAs among 84 patients.
Patients with confirmed VAs were predominantly white males (Table 1) with an average age of 64 years (range: 19-90). The most common implantation diagnosis was CAD, and 55 (65%) had a pre-implantation ejection fraction of o35%. At the first clinic visit, over half of the patients were on prescribed b-blockers or digoxin. Most of the events (78%) were episodes of sustained ventricular tachycardia. In all, 19 patients (23%) experienced one VAs, 23 (27%) experienced between 4 and 9 VAS, and 24 (29%) experienced Z10 VAs during follow-up. Table 2 presents the daily weather and air pollution distribution in Boston during the study period, as well as the estimated daily average indoor temperature during this time. Event days were, on average, slightly colder and drier than reference days (by 0.5 1C for temperature, 0.1 1C for estimated indoor temperature, 0.3 g/m 3 for AH, 0.6 1C for dew point, and 7.1% for relative humidity). The average barometric pressure was the same for event and reference days. Within matched sets, outdoor ambient temperature was moderately correlated with AH (Table 3) . Correlations between the weather and air pollution variables were modest to low (r's r0.51; Table 3 ).
There were significant associations with lower outdoor temperature and lower AH for all moving averages in the previous week. When lag hours were examined in separate models, we observed associations up to 96 h (4 days) following exposure for both outdoor temperature ( Figure 3 ) and AH (Figure 4 ). Lower estimated indoor temperature in the previous 24 h was also significantly associated with VA.
We then examined the shape of the exposure-response relationships. For outdoor temperature and AH, we used the 96-h moving average, and for estimated indoor temperature, we used the 24-h moving average. Although a likelihood ratio test indicated that a linear fit was adequate (P ¼ 0.53), graphical inspection of the outdoor temperature relationship (Figure 5a ) suggested that a non-linear fit was more appropriate. Piecewise linear models indicated an adverse association with cooler temperatures at a threshold of Z4.5 1C (OR ¼ 1.09, 95% CI 1.03-1.16 for a 1 1C decrease in the 96-h average outdoor temperature; Table 4 ).
The associations were linear for estimated indoor temperature and outdoor AH (Figures 5b and c) . A 1 1C decrease in the 24-h average estimated indoor temperature increased risk by 16% (95% CI 5-27%). A decrease of 0.5 g/m 3 in the 96-h average AH increased risk by 6% (95% CI 3-8%).
There was a stronger association with AH among patients with CAD (OR ¼ 1.07, 95% CI 1.04-1.09) compared with patients without CAD (OR ¼ 1.00, 95% CI 0.94-1.07; P for interaction ¼ 0.07). Otherwise, there was no significant evidence of effect modification of the AH association by patient characteristics, arrhythmia characteristics, medical history, season, or influenza (all P-values for interaction 40.25, data not shown).
For barometric pressure, none of the moving averages were significant, and only lag hours 96-119 were negatively associated with VAs. All moving averages of dew point were significantly negatively associated with VAs; in separate lag analyses, dew point exposure up to 96 h before the event was significant. The 3-day through 7-day moving averages of relative humidity were significantly negatively associated with VAs. However, in lag analyses, only the previous 48-71 h were significantly associated, suggesting that the moving average associations were driven by these lag hours.
Ozone was marginally associated with VA in the fully adjusted models for outdoor temperature (P ¼ 0.08) and estimated indoor temperature (P ¼ 0.08), but not in the AH model (P ¼ 0.35). PM 2.5 was not associated with VA in any of the models (all P-values 40.23).
DISCUSSION
In this cohort of patients at high risk for VA, cooler and drier weather days before an event were associated with increased risk of VA. Lower indoor temperature and lower outdoor AH were linearly associated with increased risk. The association with outdoor temperature was non-linear, with higher temperatures associated with decreased risk of VA only for temperatures 44.5 1C. This non-linear association is likely attributable to the weak relationship between outdoor and indoor temperatures during colder months in Boston (Figure 2 ). We observed a stronger association for estimated indoor temperature than for outdoor temperature. This stronger health effect is likely because of decreased exposure misclassification, as people spend most of their time indoors.
VAs exhibit a seasonal pattern, peaking in the winter months. 1,2 Winter weather is characterized by low temperatures and low AH. Previous studies have reported a correlation between low outdoor temperatures and ventricular tachyarrhythmias, but these studies were limited to univariate analyses. 1, 10, 11 Koken et al. 31 reported no association between outdoor maximum temperature and hospitalization for cardiac arrhythmias, but their study was restricted to the warm weather months of July and August. Č ulić et al. 9 reported positive associations between ventricular tachycardia and temperature, which conflicts with our findings. One possible explanation for the conflicting results is confounding by air pollution. Several studies have reported associations between air pollution exposure and the onset of VA, 21, 32, 33 indicating that statistical analyses should consider and possibly adjust for confounding due to air pollution. Our study examined the association between weather conditions and VA while also adjusting for air pollution. McGuinn et al. 34 also found a negative association between outdoor temperature and VA among ICD patients; adjusting for PM 10 , each 1 1C decrease in outdoor temperature increased risk by 1.8% (95% CI À 0.5-4.1%). The authors focused on the cumulative effect summed over lags 0 to 7. For comparison, in our study, adjusting for PM 2.5 and ozone, the 7-day moving average outdoor temperature (considered as a linear term) increased risk by 4.3% (95% CI 1.4-7.2%). The physiologic adjustments made by the human body to preserve body temperature could increase cardiac work and sympathoadrenergic activation. 11 Consistent with this hypothesis, norepinephrine and epinephrine levels in plasma and urine, markers for a sympathetic reaction in the nervous system, are higher in winter, 35 and air temperature has been associated with heart rate variability measures. 36, 37 Cold weather conditions could contribute to the occurrence of arrhythmias through activation of both the sympathetic nervous system and the coagulation system. Vasoconstriction induced by cold weather increases blood pressure, heart rate, and left ventricular end-diastolic pressure and volume. These changes increase heart workload and may reduce the ischemic threshold, especially among individuals with compromised coronary circulation, 38, 39 and in turn trigger arrhythmia onset. This mechanism may explain why we observed increased sensitivity to drier air among patients with CAD as compared with patients without CAD.
The clinical relevance of our study likely extends beyond patients with an ICD. Many patients who have indications for an ICD for primary or secondary prevention do not receive one. 40 In addition, therapies initiated in response to arrhythmias may cause adverse effects. For example, amiodarone is a common pharmacological option in patients with significant structural heart disease, but is known to have non-cardiac toxicities and is associated with increased mortality in patients with class III heart failure who do not have ICDs. 16 More broadly, although left ventricular ejection fraction is currently the main risk stratification tool used to select patients for ICD therapy, 41 the majority of SCD occurs in individuals with no known cardiac disease, 42, 43 with ventricular fibrillation as the major underlying mechanism. 40 Several potential limitations of this study should be noted. Study participants likely spent the majority of their time indoors, and hence outdoor weather conditions may be a poor indicator of actual exposure. 14 Non-differential misclassification of exposure is therefore of concern in our study and likely attenuated the associations toward the null. We did not have air conditioning information for the ICD patients, so the estimates of indoor temperature may be prone to measurement error. The resulting error is expected to be small; in the sample of 16 homes from which the equation was derived, the predicted indoor temperature was, on average, only 0.1 1C higher for homes with any air conditioning and only 0.2 1C lower for homes with no air conditioning. The equation used to estimate indoor temperature was based on living room measurements, but people spend their time in other environments (e.g., indoor offices, outdoors, other rooms in the home), resulting in exposure misclassification. Differences in air conditioning usage between the ICD patients and the occupants of the 16 homes in the indoor environment study might also increase the likelihood and magnitude of measurement error. Despite these limitations, we think estimated indoor temperature better reflects the variation in temperatures actually experienced than does outdoor temperature. The day-today temperature variation is expected to be much larger than the temperature variation between indoor environments. The casecrossover design inherently adjusts for characteristics that do not vary or vary slowly over time (e.g., gender, age, socioeconomic status), but confounding by factors that change over time may still occur. Confounding by the presence of transient myocardial ischemia may be possible, but unfortunately data on ECG markers of myocardial ischemia, such as the presence of ST-segment depression, were not available. The results of this study may not be applicable to regions that have a smaller range of outdoor temperature and humidity, especially subtropical and tropical areas, or to areas with different patterns of air conditioning and heating use. However, examination of these associations in other climatic regions would be interesting and could help clarify the mixed results reported for weather-related arrhythmia risk.
In a cohort of patients at high risk for VA, cooler and drier conditions were associated with increased risk of VA. These findings support the hypothesis that the seasonality of VA is partly attributable to the weather. As extreme weather patterns become more common, 44, 45 a better understanding of how weather affects health will be necessary to develop strategies to reduce morbidity and mortality. In future studies of weather and health, investigators should consider examining how outdoor absolute humidity and, when possible, indoor conditions relate to human health. . JLN received support from the Benjamin Greely Ferris, Jr. Fellowship Fund, and NIEHS grant T32ES007069. JS received support from NIEHS R21ES020695 and NIA R21AG040027. We thank the fellows and researchers who abstracted the ICD data. We especially thank David Q. Rich, who organized the abstraction of data and processed these data.
